principally lysine. Furthermore, an extensive series of experiments from Christensen's laboratory had demonstrated an intimate relation between amino acid and potassium metabolism in Ehrlich ascites tumor cells (4) . Consideration of these data led us to investigate the effect of cationic amino acids on potassium metabolism in our in vitro mammalian muscle preparation.
METHODS
Groups of intact diaphragms taken from 40 to 80 g Sprague-Dawley rats were incubated in modified KrebsRinger bicarbonate solution (pH approximately 7.4) gassed with a mixture of 95 per cent oxygen and 5 per cent carbon dioxide, to which varying amounts of potassium chloride and amino acid were added. The details of this technique have been reported previously (1) .
Experiments were of three types.
1. In the first type the steady-state relation between muscle potassium and amino acid content was evaluated in the presence of various external potassium and amino acid concentrations. Diaphragms were incubated for periods of at least 8 hours, after which groups of muscles were removed from the medium at intervals in order to verify that muscle potassium and amino acid content remained constant during a subsequent period of at least 3 hours. The mean values of potassium and amino acid content of muscles removed during this 3-hour period were designated the steady-state muscle potassium and amino acid content.
2. The second type of experiment was designed to study the influence of external amino acid concentration on the rate of net reaccumulation of muscle potassium. Diaphragms previously leached of potassium were allowed to reaccumulate potassium in media containing various concentrations of potassium. Paired experiments were carried out in the presence and absence of amino acid.
During the reaccumulation period paired groups of diaphragms were removed from the media at frequent intervals.
3. The third type of experiment was designed to evaluate the rates of net gain or loss of amino acid by the muscles. First, to study the rate of net accumulation of 480 amino acid by the muscles, diaphragms were removed in groups at short intervals from media containing various concentrations of potassium and amino acid. Second, to examine the rate of net loss of muscle amino acid content, diaphragms incubated initially in media rich in amino acid were then placed in media free of amino acid and removed in groups at intervals.
After incubation, diaphragms were rapidly dissected from the rib cage and the wet weight of each hemidiaphragm was obtained separately. In all experiments one hemidiaphragm of each pair was used for determinations of potassium and water content and, when necessary, for sodium, chloride, and inulin analyses by methods previously described (1) . The other hemidiaphragm was rapidly frozen and later used to estimate free cationic amino acid content. Its dry weight was calculated by assuming its water content to be that determined for the other member of the pair.
To analyze muscle for its content of free cationic amino acid, the tissue was thawed, homogenized in 10 per cent sodium tungstate and 0.083 N sulfuric acid mixture, and then centrifuged. Duplicate 0.1-or 0.2-ml aliquots of the supernate were taken for electrophoretic separation of cationic amino acid, as described by Eckel and colleagues 1 (3) , except that a commercial electrophoretic apparatus was used. In earlier experiments the colorimetric ninhydrin determination of cationic amino acid was carried out as described by Eckel and coworkers (3). In later experiments it was found more convenient to use a minor modification of the photometric ninhydrin method of Moore and Stein (5). Recovery of cationic amino acid from muscle by this latter method was 102.1 ± 4.3 per cent, compared with a mean recovery of 95.0 ± 3.6 per cent by the former method. The difference between the means was not statistically significant (p > 0.05).
Throughout this paper, statistical significance has been evaluated by the Fisher t test. Differences between means described as significant gave a p value of less than 0.01.
RESULTS
Effect of various amino acids on steady-state potassium content. Amino acids were maintained at the concentrations listed in Table I for the entire 8-to 12-hour period of incubation. External potassium concentration was approximately 1 mEq per L in all experiments, which is the minimal concentration adequate to maintain a normal steady-state tissue content of potassium (1) .
As shown in Table I , the effect of an amino acid on steady-state potassium content depends in part upon the charge on the amino acid. At the concentrations employed. cationic amino acids had 1 The authors are grateful to Dr. Eckel for his advice in the development of this modification of his method. Table II and plotted in Figure 1 . The points in the figure are to be compared with the broken line which describes potassium content in the absence of lysine (1) . Note that potassium content in the absence of lysine is virtually constant between an external potassium of 1 and 9 mEq per L. The standard deviations and number of diaphragms for each mean value plotted in Figure 1 are listed in Table II . 481 The data show that, at a fixed level of external potassium, progressive increases in external lysine up to 4 to 8 mmoles per L result in successive reductions in steady-state potassium content. Moderate increases in lysine concentration in the medium beyond 8 mmoles per L have little or no further effect. Conversely, for a given external lysine concentration, the lower the external potassium concentration (within the range of 1 to 9 mEq per L) the greater the loss of tissue potassium. In the two experiments in which the external potassium was less than 1 mEq per L, the effect of lysine on tissue potassium was equivocal. As shown in Figure 1 the tissue potassium content in each experiment was close to that to be expected in the absence of lysine at the respective external potassium concentrations employed. However, because of the steep slope of the line relating tissue content to external potassium concentration at these very low external concentrations, a small effect of lysine might be difficult to detect.
Relation between muscle lysine content and decrease in tissue potassium. Lysine analyses were performed on most of the tissues shown in Fig Figure 2 . The decrease in potassium content in each group of diaphragms in Figure 2 was calculated by subtracting the mean potassium content of that group of diaphragms from the mean of a group of diaphragms incubated at a comparable external potassium but without lysine (Table II) . The broken line bisecting the graph defines equality between the two variables. It is obvious from the data that there is approximate equivalence between potassium loss and amino acid content over the entire range of concentration studied.
Intracellular electrolyte and water content of muscle incubated in the presence and absence of lysine. The Reaccumulation of tissue potassium in the presence and absence of amino acids. A number of experiments was performed in an effort to determine whether competition for entrance at the cell membrane accounts for the relation between lysine gain and potassium loss. In order to evaluate the effect of amino acid on potassium reaccumulation, diaphragms were first depleted of potassium by leaching in potassium-free media for approximately 4 hours, after which time a group of dia-2 It should be noted that the determination of lysine content of tissue incubated without lysine in the external medium was not performed in this particular series of experiments. However, many determinations of lysine content of unincubated diaphragms gave a value of approximately 1 mmole per 100 g dry weight, or approximately 4 mmoles per L of intracellular water. This datum has therefore been inserted in the appropriate positions in Table III . One group was placed in a potassium-rich, amino acid-free medium, the other in a potassium-rich medium containing amino acid. Diaphragms were removed at intervals from each group. Four experiments were performed with lysine, three with the neutral amino acid glycine, and two with mixtures of amino acids simulating the variety and proportions found in rat plasma (3, 6) .
The results of two representative experiments performed with lysine are shown in Figure 3 . Although there is some scatter in the data, probably occasioned by the small number of diaphragms at each point (two or three), there is no evidence that lysine significantly depresses the rate of potassium reaccumulation. Qualitatively similar results were obtained in the other experiments of this type.
The relatively crude methods employed preclude the demonstration of possible small differences. However, the over-all impression from these nine experiments is that amino acids in the external medium have no marked effect on the rate of potassium reaccumulation.
It should be noted in Figure 3 that the diaphragm content of potassium rises at the end of 45 or 60 minutes to more than 30 mEq per 100 g dry weight, despite the presence of high concentrations of lysine in the bath. This does not contradict the observations in Table I and Figure 1, Accumulation and loss of lysine. Two experiments were undertaken to obtain a general idea of the rate of lysine accumulation. Tissues were incubated at an external lysine concentration of 10 mmoles per L and at external potassium concentrations of 1 and 9 mEq per L. Groups of three diaphragms were removed and analyzed for lysine and potassium at 2, 4, 7.5, and 10 hours. Figure 4 illustrates the results of both experiments. The 4 hours of incubation in a potassium-free, lysine-rich medium. In each case tissues were then placed in a lysine-free bath; one medium contained potassium (broken lines), the other did not (solid lines). The mean potassium or lysine content of three to four muscles is shown by each symbol. amino acid. Tissues were incubated for 4 hours in a potassium-free 3 medium containing 10 mmoles per L of lysine. At the end of this time some tissues were removed for lysine and potassium analysis, and the remainder was divided into two groups. One group was placed in a medium free of potassium and lysine and the other in a lysine-free medium containing 10 mEq per L of potassium. Groups of three or four muscles were then removed at intervals for lysine and potassium analyses. As is shown in Figure 5 the rate of loss of lysine in both media is very slow as compared with the rate of lysine accumulation shown in Figure 4 . The muscles kept in the potassium-free bath lost still further potassium, while those in the potassium-enriched medium rapidly took up potassium.. Despite this large difference in the net movement of potassium, there was no large or significant difference in the apparent efflux of lysine.
DISCUSSION
These studies were initially undertaken to determine whether cationic amino acids account for the difference between the in vivo and in vitro behavior of muscle potassium as external potassium is lowered. The results show that the addition of lysine to the bath medium does change the potassium equilibrium of isolated muscle in such a way that it resembles more closely that observed during potassium depletion in vivo. However, there are at least two important differences between diaphragms depleted of potassium in vivo and those which lose potassium in a low-potassium medium containing lysine in vitro. In the first place, all of the potassium lost from the muscle in our in vitro system is replaced by lysine, whereas in potassium-depleted rats, cationic amino acids account for no more than one-half of the potassium lost (3). Secondly, sodium enters muscle cells during loss of potassium in vivo but not in vitro, at external potassium concentrations of 1 mEq per L or more.
The cationic amino acid concentration of rat plasma is approximately 0.5 to 1 mmole per L; nearly all of this is lysine (3) . In the present studies a concentration of 0.8 mmole per L of lysine in a bathing medium containing 1 mEq per L of potassium depressed muscle potassium content from 36 to 31 mEq per 100 g dry weight ( Table II) . The expected in vivo muscle potassium content at a plasma potassium of 1 mEq per L is 27.5 mmoles per 100 g dry weight (1). Thus, a normal plasma level of lysine depresses muscle potassium in vitro about one-half the way toward predicted in vivo levels. Increasing the lysine of the in vitro medium to 2 mmoles per L depresses muscle potassium content almost to the predicted in vivo level at an external potassium of 1 mEq per L. This concentration of lysine, however, also produces a small but significant decrease in muscle potassium content at an external potassium of 5 mEq per L. Hence, the effects of this concentration of lysine are not entirely analogous to the in vivo situation.
Since neutral amino acids also have an effect on muscle potassium content (Table I) , a number of additional experiments not reported in detail has been performed with mixtures of cationic, neutral, and anionic amino acids in concentrations ranging from one-half to twice those found in normal rat plasma. In each case the effect of the mixture on muscle potassium content was that to be expected from the concentration of cationic amino acid contained in the amino acid mixture.
However, no analyses were performed to determine whether some of the potassium lost when mixtures were used was replaced by sodium rather than by cationic amino acid alone.
To summarize the above discussion, the data appear to indicate that the extracellular concentration of cationic amino acids plays an important role in determining the potassium equilibrium of rat skeletal muscle, but amino acids do not entirely account for the previously described differences between the in vivo and in vitro behavior of potassium.
As shown here, cationic amino acids can cause striking potassium loss from rat muscle in vitro. Eckel and co-workers (7), however, reported that potassium was not decreased in normal or potassium-depleted rats by the addition to the diet of large supplements of lysine. These investigators therefore concluded that cationic amino acids act as "mendicant cations" in rat muscle; i.e., cationic amino acids enter muscle when potassium is lost by some other mechanism but cannot themselves force potassium out of skeletal muscle. However, the maximum plasma lysine concentration produced by lysine feeding in their experiments was 1.8 mmoles per L, a figure only slightly above the normal range of 0.5 to 1 mmole per L. Since the present studies show that the magnitude of the potassium loss produced by lysine is a function of its external concentration, it is possible that the relatively low plasma levels attained during lysine feeding account for the failure to demonstrate that lysine can drive potassium out of muscle in vivo. Alternatively, the action of cationic amino acids may be modified in the intact rat by interplay with other factors not present in the simple in vitro system. Studies in which higher plasma lysine concentrations are maintained are needed to evaluate the action of cationic amino acids in vivo.
An extensive series of experiments from Christensen's laboratory has indicated that there is a relation between amino acid transfer and potassium metabolism in mouse Ehrlich ascites tumor cells (4, 8, 9) . In those studies the uptake of one of a variety of neutral or cationic amino acids was associated with some loss of cell potassium. Although there is some similarity in this respect between the tumor cells and our diaphragm preparation, it is difficult to make specific comparisons, since different experimental protocols were employed and different amino acids were studied in detail.
The mechanism of the effect of cationic amino acids on potassium equilibrium in muscle is not clear from these studies. The equivalence between cationic amino acid uptake and potassium loss led us to consider the possibility that potassium, cationic amino acids, and perhaps other cations (e.g., cadaverine) compete for a common carrier or energy supply required for entry into muscle cells. The studies of the effect of lysine on potassium accumulation ( Figure 3) (Figure 5 ). This indicates both that the (presumably passive) efflux of lysine is very slow, and that net metabolism of lysine in 8 hours is negligible. Since the efflux of lysine was virtually the same, whether or not potassium influx was allowed to occur, it seems unlikely that there is any fixed or obligatory coupling between these two phenomena. The influx of lysine, on the other hand, is much more rapid than its efflux. The maximum rate of lysine accumulation observed in these experiments was about 5 or 6 mmoles per 100 g dry weight per hour (Figure 4 ). SUM MARY 1. Cationic amino acids markedly decrease the steady-state potassium content of rat skeletal muscle in vitro. Some neutral amino acids have a similar but much less marked effect. Anionic amino acids have no effect.
2. Over the range of external potassium concentrations of 1 to 9 mEq per L, the net loss of muscle potassium caused by lysine is inversely related to external potassium concentration. The net loss of potassium increases as the concentration of lysine in the medium is raised to 4 to 8 mmoles per L, but is not affected by further elevation of medium lysine to 16 mmoles per L.
3. The potassium lost from muscle is replaced by equivalent amounts of lysine. Intracellular sodium and chloride concentrations are essentially unchanged.
4. The net rate of potassium re-entry into muscle previously leached of potassium is not affected by high concentrations of lysine in the external medium.
5. The rate of lysine accumulation by muscle cells is relatively rapid (up to 5 to 6 mmoles per 100 g dry tissue per hour). On the other hand, the rate of loss of lysine previously accumulated by muscle is very slow and does not appear to be accelerated by potassium influx.
6. It is concluded that the extracellular concentration of cationic amino acids is an important factor influencing the potassium equilibrium of skeletal muscle in the rat. The mechanism by which amino acids exert their effect is not clear, but it seems unlikely that they compete with potassium at the cell surface for entry.
